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Combination method of strain-rate cycling tests and application of ultrasonic
oscillations was conducted for KCl:Sr2+ (0.035, 0.050, 0.065 mol.% in the melt)
single crystals at low temperatures. The measurement of strain-rate sensitivity (λ)
of flow stress under the application of ultrasonic oscillatory stress provides useful
information on the interaction between a mobile dislocation and impurities (Sr2+
ions) during plastic deformation and the variation of λ with stress decrement (Δτ)
due to oscillation has stair-like shape: The first plateau place ranges below the first
bending point (τp1) at low stress decrement and the second one extends from the
second bending point (τp2) at high stress decrement. The value of λ decreases with
the Δτ between the two bending points. The τp1 is considered to represent the
effective stress due to impurities when a dislocation begins to break-away from the
impurities with the help of thermal activation during plastic deformation.
Annealing the impure crystal by heat treatment, τp1 decreases obviously at low
temperature and the critical temperature Tc, at which τp1 is zero, also becomes
slightly smaller. Furthermore, it was investigated whether a change in the state of a
small amount of impurities has an influential factor of the flow parameters (e.g., the
activation energy, the density of forest dislocations) from the data analyzed in
terms of Δτ vs. λ curve.
Keywords: heat treatment, dislocation, ultrasonic oscillatory stress, activation
energy, divalent ion
1. Introduction
A large number of investigations on strength of materials have been made with
alkali halide crystals so far [1–4]. This will be because the crystals have some
advantages [5]: A small number of glide systems on account of rock salt structure,
low dislocation density in grown crystal (e.g., 104 cm2 order for NaCl [6] and KCl
[7] single crystals) as against that of annealed metals (around 107 cm2 [8], e.g., 1 to
5  106 cm2 in pure Cu single crystals [9], 1 to 5  106 cm2 in α-brass single
crystals [10], and 107 cm2 order for pure Fe single crystals [11]), transparency, and
further readily available single crystal, etc. Alkali halide crystals, therefore, are
excellent materials for an investigation on mechanical properties of crystals.
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When alkali halide crystals are doped with divalent impurities (divalent
cations), the impurities induce positive ion vacancies in order to conserve the
electrical neutrality and are expected to be paired with the vacancies. They
are often at the nearest neighbor sites forming a divalent impurity-vacancy
(I-V) dipole, which attract them strongly [12], for crystals quenched from a
high temperature. Then asymmetrical distortions are produced around the I-V
dipoles.
The greatest hardness occurs for the highest concentration of isolated I-V dipole
and the decrease of hardness is attributed to precipitation in KCl:Sr2+ single crystals
[13]. The state of impurities in a crystal affects its hardness. Chin et al. have
obtained the following experimental results: KCl:Sr2+ (840 ppm) crystals soften on
annealing at temperatures up to 773 K; the hardness of NaCl:Ca2+ (below
2000 ppm) crystals starts to increase rapidly after aging at 100 °C for 30 min and
decreases on further annealing [14]. And also, it was reported that the change in
their state strongly influences the resistance to movement of the dislocations when a
small amount of impurities aggregates or diffuses into the crystal in various impure
alkali halide crystals (e.g., NaCl: Ca2+ or Mn2+, KCl: Sr2+ or Ba2+, LiF:Mg2+) by heat
treatment [15]. Annealing an impure crystal by heat treatment, this will lead to the
change in various deformation characteristics.
Mobile dislocations on a slip plane interact strongly only with these defects lying
within one atom spacing of the glide plane [16]. Dislocation motions are related to
the plasticity of crystal in a microscopic viewpoint. Solution hardening depends on
the dislocation motion hindered by the atomic defects around impurities in crystals
and is namely influenced by the dislocation-point defects interaction. Annealing
KCl:Sr2+ single crystals here, the study on the interaction between a dislocation and
impurities was made by the combination method of strain-rate cycling tests and
application of ultrasonic oscillations. This method seems to provide the
information on dislocation-impurities interaction in ionic crystal during plastic
deformation [17, 18].
2. Combination method of strain-rate cycling tests and application of
ultrasonic oscillations
KCl:Sr2+ (0.035, 0.050, 0.065 mol.% in the melt) specimens were prepared by
cleaving the single crystalline ingots to the size of 5  5  15 mm3. The specimens
were kept immediately below the melting point for 24 h and were gradually
cooled to room temperature at a rate of 40 Kh1. This heat treatment was carried
out for the purpose of reducing dislocation density as much as possible. Further, the
specimens were held at 673 K for 30 min and were rapidly cooled by water-
quenching in order to disperse the impurities (Sr2+) in the specimens immediately
before the following tests. The specimen KCl:Sr2+ (0.050 mol.%) is termed the
quenched specimen in this article.
The specimens were compressed along the <100> axis at 77 K to the room
temperature and the ultrasonic oscillatory stress (τv) was intermittently
superimposed in the same direction as the compression. The strain-rate cycling test
under the ultrasonic oscillation is illustrated in Figure 1. Superposition of oscillatory
stress causes a stress drop (Δτ) during plastic deformation. The strain-rate cycling
between strain-rates of _ε1 (2.2  10
5 s1) and _ε2 (1.1  10
4 s1) was performed
keeping the stress amplitude of τv constant. Then, the variation of stress due to the
strain-rate cycling is Δτ’. The strain-rate sensitivity (Δτ’/Δln _ε) of the flow stress,
which is given by Δτ’/1.609, was used as a measurement of the strain-rate
sensitivity (λ). The details was described in the article [19].
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3. Effective stress due to agglomerates in the crystals
Relation between Δτ and λ for KCl:Sr2+ (0.050 mol.% in the melt) at the shear
strain of 10% is shown in Figure 2. Themeasuring temperature is 103 K.Δτ vs. λ curve
reflects the effect of ultrasonic oscillation on the dislocation motion on the slip plane
containing many weak obstacles such as impurities and a few forest dislocations
during plastic deformation [20]. Open circles in the figure represent the relation for
the specimen quenched from 673 K to room temperature, and open triangles for the
specimen obtained by storing the quenched specimen at room temperature for a half
year. The second one is termed the stored specimen here. As can be seen from
Figure 2, the variation of λwith Δτ has stair-like shape (there are two bending points
on each curve, and there are two plateau regions: the first plateau region ranges below
the first bending point (τp1) at low stress decrement and the second one extends from
the second bending point (τp2) at high stress decrement) for the quenched specimen. λ
Figure 1.
Explanatory diagram of a change in applied shear stress, τa , for the strain-rate cycling test between the strain
rates, _ε1 (2.2  10
5 s1) and _ε2 (1.1  10
4 s1), under superposition of ultrasonic oscillatory shear stress, τv.
Figure 2.
Relation between the strain-rate sensitivity (λ) and the stress decrement (Δτ) at 103 K for (○) the quenched
specimen and (Δ) the stored specimen.
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decreases with the stress decrement between the two bending points. λp denoted in
Figure 2 is introduced in section 6 of this article. The τp1 (Δτ value at the first bending
point) for the stored specimen is smaller than that for the quenched specimen. τp1 is
considered to be the effective stress due to the impurities (Sr2+) which lie on the
dislocation when a dislocation begins to break-away from the impurities with the help
of thermal activation during plastic deformation, because the value of τp1 has been
reported to be depend on temperature (τp1 shifts in the direction of lower Δτ as the
temperature becomes larger), and on the type and the density of weak obstacle [21].
The τp2 (Δτ value at the second bending point) for the stored specimen, however, does
not appear within the measurement, because high stress amplitude could not be
applied to the specimen during the strain-rate cycling tests. Furthermore, τp1 and τp2 of
the quenched and the stored specimens were investigated at various temperatures.
Figures 3(a) and (b) show the results for the quenched specimen and for the stored
one, respectively. The τp1 for the stored specimen is smaller than that for the quenched
specimen at a given temperature. On the other hand, the τp2 for the stored specimen is
a little smaller than that for the quenched one as compared with τp1. In the following
sections of this article, the state of impurities in the specimen is clarified and its
influence on the interaction between a dislocation and the impurities will be described.
4. State of impurities (Sr2+) in KCl:Sr2+ single crystals
Measurements of the I-V dipole concentration and of the flow stress for KCl:Sr2+
(0.023 mol.%) were reported as a function of annealing time at 403 K after
Figure 3.
Dependence of (○) τp1 and (Δ) τp2 on temperature for (a) the quenched specimen and (b) the stored specimen.
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quenching from 673 K by Dryden et al. [15]. Observing the concentration of isolated
I-V dipoles in the crystal before and after the annealing and also the change of flow
stress with it, the dipole concentration decreases and the flow stress becomes lower
at a longer annealing time above 10 h.
Here is clarified the state of impurities in the specimen and is referred to the
influence of the state of impurities on the dislocation-impurities interaction, espe-
cially on the relation between temperature and the effective stress. The crystals
used here are two kinds of specimens. The first is KCl:Sr2+ (0.050 mol.% in the
melt) at the preceding section 3 and is named the quenched specimen. The second is
prepared by keeping the quenched specimen at 370 K for 500 h and gradually
cooling in a furnace for the purpose of aggregating impurities in it [22]. This is
hereafter termed the annealed specimen.
Dielectric absorption of an I-V dipole causes a peak on the tanδ-frequency
relation. A relative formula which gives the proportionality between the concentra-




, maximumð Þ (1)
where e is the elementary electric charge, c the concentration of the I-V dipole, ε0
the dielectric constant in the matrix, a the lattice constant and kT has its usual
meaning.
Figure 4 shows the influence of this heat treatment on the tanδ-frequency
curves for KCl:Sr2+ at 393 K. The upper solid and dotted curves correspond to the
quenched specimen and the lower curves the annealed specimen. Dotted lines show
Figure 4.
Dielectric loss in KCl:Sr2+ (0.050 mol.% in the melt) at 393 K: (○) for the quenched specimen, (Δ) for the
annealed specimen. (  - -) losses coming from the dipoles (reproduced from ref. [24] with permission from
the publisher).
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Debye peaks obtained by subtracting the d.c. part which is obtained by extra-
polating the linear part of the solid curves in the low-frequency region to the high-
frequency region. Introducing the peak heights of the dotted curves into Eq. (1), the
concentration of the isolated dipole was determined to be 98.3 ppm for the
quenched specimen and 21.8 ppm for the annealed specimen. On the other hand,
the atomic absorption gave 121.7 ppm for the Sr2+ concentration in the quenched
specimen and 96.2 ppm for the annealed specimen. Therefore, it should be consid-
ered that 71.9% of the I-V dipoles turn into the aggregates in KCl:Sr2+ single crystal
and form at least trimers [22] by the heat treatment. The trimers (Sr2+-vacancy-Sr2+-
vacancy-Sr2+-vacancy) have a structure in which three dipoles are arranged
hexagonally head to tail in a (111) plane, as suggested by Cook and Dryden [22].
5. Effective stress and critical temperature
Figure 5 shows the variation of λ with Δτ at a shear strain of 8% for the annealed
specimen at 125 K. The curve in the Figure 5 has two bending points and two
plateau regions at a given shear strain and temperature. The first plateau region
ranges below the first bending point at low stress decrement and the second one
extends from the second bending point at high stress decrement. The λ decreases
with the Δτ between the two bending points. The values of Δτ at the first and the
second bending points are referred to as τp1 and τp2, respectively.
The dependence of τp1 and τp2 on temperature for the quenched specimen is
shown in Figure 6(a), while that for the annealed specimen is shown in Figure 6
(b). The value of τp1 becomes small by forming into the aggregates in the crystal
and this result is clearer at lower temperature. This may be caused by the result that
the separation between the weak obstacles lying on the mobile dislocation becomes
wider as the I-V dipoles turn into aggregates. In addition, it is supposed that the
decrease in τp1 due to agglomerate of the I-V dipoles, i.e. softening, would be
attributable to the loss of tetragonality in terms of the Fleischer’s model [16], as
suggested by Chin et al. [14]. The decrease in the effective stress due to
Figure 5.
Relation between the strain-rate sensitivity (λ) and the stress decrement (Δτ) at a shear strain of 8% for the
annealed specimen at 125 K (reproduced from ref. [24] with permission from the publisher).
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agglomerates of I-V dipoles has been reported for alkali halide crystals doped with
divalent cations so far [14, 15, 25–27].
As for τp2, no great difference is seen for the two kinds of specimens. Accord-
ingly, as the I-V dipoles turn into the aggregates by the heat treatment, the differ-
ence between τp1 and τp2 obviously becomes wider at lower temperature. This may
be caused by the wider distribution of Sr2+ obstacles on mobile dislocation in the
annealed specimen as against that in the quenched one.
The critical temperature Tc at which τp1 is zero and a dislocation breaks away
from the impurities only with the help of thermal activation is around 210 K for the
annealed specimen. This Tc value is small in contrast to Tc≈240 K of the quenched
specimen as can be seen from Figures 6(a) and (b).
6. Activation energy for the dislocation breaking-away from the defects
The thermally activated deformation rate (_ε) is expressed by an Arrhenius-type
equation:





where _ε0 is a frequency factor and is unique for a particular dislocation mecha-
nism. And the change in Gibbs free energy, ΔG, is expressed for square force-
distance relation (SQ) between a dislocation and an impurity as follows.
Figure 6.
Dependence of (○) τp1 and (Δ) τp2 on temperature for KCl:Sr
2+ (0.050 Mol.% in the melt): (a) for the
quenched specimen and (b) for the annealed specimen (reproduced from ref. [24] with permission from the
publisher).
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ΔG ¼ ΔG0  τ
∗Lbd, (3)
where ΔG0 is the Gibbs free energy for the break-away of the dislocation from
the impurity in the absence of an applied stress, τ* the effective shear stress due to
the impurities, L the length of dislocation, b the magnitude of the Burgers vector
and d the activation distance. The Gibbs free energy for the SQ is given by





where μ is the shear modulus and L0 the average spacing of impurities on the slip
plane. Differentiating the substitutional equation of Eqs. (4) and (5) in Eq. (2) with

















The Gibbs free energy for the interaction between a dislocation and the impurity
is expressed from the Eq. (2), namely





and the ΔG for the Fleischer’s model [16] taking account of the Friedel relation
[28] (F-F) is also expressed by





, ΔG0 ¼ F0bð Þ (8)
where τ *0 is the value of τ
* at absolute zero and F0 the force acted on the
dislocation at 0 K. It is well known that the Friedel relation [28] between the
effective stress and the average length of dislocation segments can be applied to
most weak obstacles to dislocation motion at low solute concentration. Differenti-















































where τ*0 is replaced by τp0 (τp1 value at absolute zero). Eq. (10) represents the
relative formula of τp1 and temperature, which will reveal the force-distance
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Figure 7.
Linear plots of Eq. (11) for the quenched specimen: KCl:Sr2+ ((○) 0.035 mol.%, (Δ) 0.050 mol.%, (□)
0.065 mol.% in the melt) (reproduced from ref. [30] with permission from the publisher).
Figure 8.
Linear plots of Eq. (6) for the annealed specimen (reproduced from ref. [31] with permission from the
publisher).
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relation between a dislocation and an impurity. The result of calculations of Eq. (11)
for the F-F is shown in Figure 7 for the quenched specimen. The open symbols
correspond to the inverse of λp for the quenched specimen, which are derived from
the difference between λ values at first plateau place and at second one on the
relative curves of Δτ vs. λ as shown in Figure 2. λp is considered to be due to the
impurities [29]. On the basis of the slope of straight line, the Gibbs free energy is
0.39 eV. The F-F is suitable for the force-distance profile for the quenched specimen
but not for the annealed one [30, 31]. As for the annealed specimen, SQ seems to be
most suitable of the three profiles: a square force-distance relation, a parabolic one
and a triangular one, taking account of the Friedel relation [31]. The Gibbs free
energy for the interaction between a dislocation and the aggregate in the annealed
specimen, which is obtained through the slope of straight line in Figure 8, is
0.26 eV. The open circles in Figure 8 show the results of calculations for Eq. (6).
Here, the ∂ ln _ε
∂τ ∗
 
in Eq. (6) is obtained from λp. The Gibbs free energy for the
annealed specimen is smaller than that of the quenched one.
7. λ at second plateau place on Δτ vs. λ curve
Influence of the heat treatment on the density of forest dislocations is treated in
detail for the two kinds of KCl:Sr2+ (0.050 mol.% in the melt) single crystals (i.e.,
the quenched and the annealed specimens). This is examined from the variation of λ
(see the marked part with gray circle in Figure 9) at the second plateau place on the
Δτ vs. λ curve with shear strain, where the obstacles to the dislocation motion are
only forest dislocations and the impurities no longer act as obstacles [21]. A general
Δτ vs. λ at a given strain is schematically drawn in Figure 9, where the curve has
two bending points and two plateau regions. The λ at second plateau place on the Δτ
vs. λ curve is considered to be due to dislocation cuttings [21]. The variation of λ at
second plateau place with shear strain (Δλ/Δε) is considered to be the increase of
forest dislocation density with the shear strain [32]. In Figure 10, the Δλ/Δε
dependence of temperature is shown in the different plastic deformation regions of
stress–strain curve for the two kinds of specimens: the quenched and the annealed
Figure 9.
Illustration of relationship between the strain-rate sensitivity (λ) of flow stress and the stress decrement (Δτ) at a
given strain, ε. (ε1 < ε2).
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specimens. Δλ/Δε in stage I (easy glide region) and in stage II (linear hardening
region) are represented by a circle and a triangle, respectively. The open symbols
correspond to that for the quenched specimen and the solid ones that for the
annealed specimen. The curves in Figure 10 are to guide the reader’s eye. Unfortu-
nately, the Δλ/Δε could not be obtained at low temperature. Three-stage strain
hardening is obtained for KCl [33, 34] and impure KCl single crystals doped with
monovalent or divalent cations [35, 36]. Two phenomena are observed for both the
specimens in Figure 10. That is, the first phenomenon is that the Δλ/Δε in stage II is
obviously larger than that in stage I at a given temperature. The other phenomenon
is that the Δλ/Δε in stage I and in stage II increases with decreasing temperature.
Figure 10 also shows that the Δλ/Δε for the annealed specimens is considerably
large in contrast to that for the quenched specimens in the two stages within the
temperature. This may result from a rapid increase in forest dislocation density with
shear strain in the annealed specimen. Accordingly, the increase in forest disloca-
tion density in the annealed specimen seems to be remarkable in the two stages
under the compression test, compared with it in the quenched specimen.
8. Conclusions
The following conclusions were derived from the data analyzed in terms of the
Δτ vs. λ curves for KCl:Sr2+ single crystals.
1.The plots of Δτ vs. λ have two bending points and two plateau regions for the
quenched specimen and similar result is observed also for the specimen stored
at room temperature for a half year. On the basis of the relative curve of Δτ vs.
Figure 10.
Dependence of Δ λ/Δε on the temperature in the different plastic deformation regions: (○) for the quenched
specimen and (●) for the annealed specimen in stage I; (Δ) for the quenched specimen and (▲) for the
annealed specimen in stage II (reproduced from ref. [32] with permission from the publisher).
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λ, it was found that τp1 due to the impurities in the stored specimen is smaller
than that of the quenched specimen within the temperatures.
2.The value of τp1 becomes obviously smaller at lower temperature when I-V
dipoles turn into the aggregates (trimers) in KCl:Sr2+. This may be caused by
the results that the separation between the Sr2+ obstacles lying on the mobile
dislocation becomes wider, in addition to the loss of tetragonality in terms of
the Fleischer’s model, as the I-V dipoles turn into the agglomerates. By forming
into the agglomerates in KCl:Sr2+ single crystals, the value of Tc also becomes
small.
3.The annealing treatment makes a difference in activation energy overcoming
the impurity by a dislocation in the two kinds of KCl:Sr2+ single crystals
(quenched specimens and annealed ones). The value of ΔG0 = 0.26 eV is
smaller for the dislocation motion in the annealed specimen, as compared with
ΔG0 = 0.39 eV for the quenched specimen.
4.The variation of λ at the second plateau place on the curve of Δτ vs. λ with
shear strain, i.e. Δλ/Δε, for the annealed specimen is considerably large in
contrast to that for the quenched specimen in both stage I and stage II of
stress–strain curve at 170 to 220 K. That is to say, the increase in forest
dislocation density with shear strain for the annealed specimen seems to be
remarkable in the two stages under the compression test, compared with that
for the quenched specimen.
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